Extracellular traps (ETs), web-like structures composed of DNA and histones, are released by innate immune cells in a wide range of organisms. ETs capture microorganisms, thereby avoiding their spread, and also concentrate antimicrobial molecules, which helps to kill microbes. Although vertebrate innate immune systems share homology with the insect immune system, ETosis have yet to be characterized in insects. Here, we report that the hemocytes of the hemimetabolous insect Periplaneta americana release ETs upon in vitro stimulation. We further discuss the relationship between ETs and nodulation and in controlling bacterial spread in vivo.
Introduction
The innate immune system, which comprises cellular and humoral responses, is an ancient form of a protective mechanism that is shared by a wide variety of organisms. It is widely accepted that homology in several important characteristics of innate immunity is shared among vertebrates and invertebrates (Medzhitov and Janeway, 1998; Hoffmann, 2003) . In humans, neutrophils are the first leukocytes to arrive at a site of infection. Neutrophils play a key role in the clearance of pathogens via phagocytosis, degranulation and by releasing neutrophil extracellular traps (NETs). NETs were first described in humans as a novel immune response mechanism, termed NETosis, whereby the decondensed chromatin of neutrophils, which is associated with some molecules found in their granules and cytoplasm, is released to the extracellular milieu and can trap and kill microorganisms (Brinkmann et al., 2004; Fuchs et al., 2007) .
In addition to neutrophils, a wide variety of vertebrate and invertebrate cells also respond to microorganisms in a similar manner, and the mechanism was renamed ETosis and the webs extracellular traps (ETs). Among mammalian cells, mast cells, eosinophils, monocytes and macrophages also release ETs after exposure to diverse stimuli (von Kockritz-Blickwede et al., 2008; Yousefi et al., 2008; Webster et al., 2010; Bartneck et al., 2010) . ETosis have been reported in cells from cows (Lippolis et al., 2006) , mice (Ermert et al., 2009) , cats (Wardini et al., 2010) , fishes (Pali c et al., 2007) , goats (Silva et al., 2014) , harbor seals (Reichel et al., 2015) and chickens (Chuammitri et al., 2009) . Moreover, there are reports of ETs from cells from invertebrates such as shrimps (Ng et al., 2013) , crabs (Robb et al., 2014) , oysters (Poirier et al., 2014) and the social amoeba Dictyostelium discoideum (Zhang et al., 2016) . Root tip cells of plants also release DNA extracellular traps that help fight against microbial infection (Wen et al., 2009) , further expanding the occurrence of this mechanism and its evolutionary preservation.
With regard to insects, hemocyte subpopulations have been described in some species; although not yet individually characterized in other species, they are collectively called hemocytes.
Among different insect classes, the diverse nomenclature of hemocytes (based mainly on morphological analyses) and its functions has been described for Periplaneta americana; there are observations for some hemocytes subpopulations such as plasmatocytes, spherulocytes or cystocytes, prohemocytes, granular hemocytes and coagulocytes (Jones, 1962; Boerwald, 1975; Siddiqui and Al-Khalifa, 2012) . These cells can secrete or leak (observed as coagulocyte lysis) molecules that are involved in the recognition, immobilization (insect blood clotting) and destruction of non-selfmaterial. Thus, several hemocyte-produced components participate in the immobilization process, including lectins, serine proteases, esterases, and hemokinin (Crossley, 1975; Lavine and Strand, 2002) . In P. americana, immobilization is a very important and rapid response that strongly restricts the spread of invasive particles, limiting costly tissue damage (Haine et al., 2007) . Hemocytes clear microorganisms or other non-self-materials by (1) phagocytosing the material, (2) clustering around invading agents during nodulation, and (3) forming a capsule with multiple hemocyte layers that are covered by melanin (Hillyer, 2016) .
P. americana is a hemimetabolous insect that has a cosmopolitan distribution, and its innate immune response is based on the rapid recognition of microbes by hemocytes (Lackie, 1979) . In this study, we used P. americana as a model to show that classical ETs are released by its hemocytes after stimulation with bacteria, which were then ensnared by the traps. Furthermore, ETs were observed in close association with aggregates of hemocytes (nodules), both in vitro and in vivo. Co-injection of DNase and bacteria in vivo increased the number of nodules throughout the body of the insect. These results provide evidence that ETs contribute to rapid and efficient nodulation in P. americana, which is necessary to block the spread of bacteria in vivo.
Materials and methods

Insects
Cockroaches developing from last-instar nymphs were obtained from a stock colony of P. americana established under laboratory conditions, as previously described (Fox and Bressan-Nascimento, 2006) . The colony was maintained under a 14:10 light:dark photoperiod at 28 C and 70% relative humidity. Nymphs were cold anesthetized for 15 min prior to use in different assays.
P. americana hemolymph and hemocyte collection
Cockroaches kept at 4 C for 10 min were injected with 100 mL insect saline (128 mM NaCl; 18 mM CaCl 2 ; 1.3 mM KCl; 2.3 mM NaHCO 3 ; pH 7 e Haine et al., 2007) using a 25-gauge needle. The hemolymph recovered (~80 mL) from individual insects was pooled and used in experiments. Hemocytes in assays using whole hemolymph were referred to as "hemolymph". To separate hemocytes from the hemolymph, an anticoagulant solution (98 mM NaOH; 145 mM NaCl; 17 mM EDTA; 41 mM citric acid; pH 4.5 e Haine et al., 2007) was used to collect cells, which were then centrifuged at 200Âg for 5 min; the pelleted hemocytes were resuspended in saline solution. Hemocytes assayed after being removed from the hemolymph were referred as "hemocytes". Pools of hemocytes or samples of hemolymph were used at 5 Â 10 5 cells per 100 mL in insect saline, and all treatments and reagent dilutions were performed in this saline as well.
Quantification of ETs
Hemolymph samples or pooled hemocytes were stimulated for 1 h with whole lipopolysaccharide (LPS; from Escherichia coli; 0111:B4 -Sigma) or delipidated-LPS (d-LPS; from E. coli; 0111:B4 -Sigma), at both 100 and 500 mg/mL. In experiments in which bacteria were used to stimulate ETs, hemolymph was incubated with 10 4 colony forming units (CFUs) of green fluorescent protein (GFP)eE. coli (strain DH5a-probe AT) or Staphylococcus aureus (ATCC 29213). After 1 h of incubation, the samples were centrifuged at 200Âg for 10 min to pellet the hemocytes, and the supernatants were centrifuged again at 10,000 rpm for 10 min to remove free bacteria. ETs in supernatants were quantified using the Picogreen dsDNA kit (Invitrogen), as described (Guimarães-Costa et al., 2009) . DNA concentrations were calculated using herring DNA (Sigma) as a standard.
Fluorescent microscopy
Hemolymph or isolated hemocytes were adhered to a glass coverslip, pre-treated with 0.01% poly-L-lysine (Sigma), and stimulated with d-LPS (100 mg/mL) or GFP-E. coli (10 4 ) for 1 h. After a 30 min of incubation, 5 U DNase I (Fermentas) was added to the preparation to disrupt ETs, and the cells were incubated for another 30 min. The cells were then fixed with 4% paraformaldehyde, washed and stained with 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI; 10 mg/mL, Sigma) or ethidium bromide homodimer (10 mg/mL, Invitrogen) for 5 min at room temperature.
Alternatively, hemolymph samples were stimulated with d-LPS (100 mg/mL) for 40 min in the presence of Sytox green (10 mM, Invitrogen), and the slides were analyzed by confocal microscopy (Zeiss LSM 510 META) without any fixative treatment. The presence of histones in ETs was verified in stimulated cells (d-LPS; 100 mg/ mL) fixed with 4% paraformaldehyde overnight, blocked with 3% bovine serum albumin for 30 min and incubated with a rabbit anti-H3 histone antibody (100 mg/mL -clone MC463; Millipore) for 1 h.
The cells were then incubated with an anti-rabbit fluorescein isothiocyanate (FITC)-conjugated antibody (Sigma), mounted in antifading medium (Vectashield -Vector Lab) and analyzed under a Zeiss Axioplan microscope.
Scanning electron microscopy
Hemolymph adhered to poly-L-lysine-coated coverslips was stimulated with d-LPS (100 mg/mL) for 1 h and then pre-fixed with 4% paraformaldehyde for 30 min followed by 12 h of fixation in Karnovsky solution containing 2.5% glutaraldehyde (Sigma), 4% paraformaldehyde, 4% sucrose and 5 mM CaCl 2 , diluted in 0.1 M sodium cacodylate buffer (pH 7.2). Dehydration was performed in a graded series of ethanol, and samples were critical point dried, coated with carbon and observed by scanning electron microscopy (Jeol JSM-5310).
DNase treatment in vitro and in vivo
Hemolymph was stimulated in vitro with d-LPS (100 mg/mL) for 30 min; 5 U DNase I was then added followed by incubation for up to 1 h. The slides were fixed and analyzed by fluorescence microscopy as described above. For DNase treatment in vivo, the ventral part of the thorax of P. americana nymphs was sterilized with 70% ethanol, and the nymphs were slowly injected between the second and third thoracic segments using a 25-gauge needle (insulin syringe, Becton Dickinson Cia); 10 mL containing 10 6 CFU of E. coli (DH5a strain) alone or together with DNase I (50 U) was injected. DNase I (50 U) alone or insect saline was injected as controls. All injected groups (12 insects per batch, 3e4 batches per treatment) were kept separately in transparent plastic boxes under a photoperiod of 14:10 L:D at 28 C and 70% relative humidity. Insects were dissected 18 h post-injection. The carcasses were fixed in 70% ethanol; the ventral fat body was dissected, and nodules were evaluated.
Effects of ETs on E. coli growth
Hemolymph was collected and stimulated (or not) with d-LPS (100 mg/mL) for 1 h as described above. Samples were then centrifuged at 200Âg for 10 min to remove hemocytes, and DNA was quantified by the Picogreen assay. Next, 50 mL supernatant was used to treat E. coli (10 4 CFU) for 3 h in the presence or absence of DNase I (5 U). Bacteria under the same conditions without hemolymph in the presence or absence of DNase I (5 U) were used as controls. After treatment, 20 mL of hemolymph from each sample was diluted with 80 mL LB medium and serially diluted;~100 CFU of E. coli were plated on semi-solid LB agar supplemented with ampicillin (150 mg/mL). Bacterial growth was determined after 48 h at 34 C.
Statistical analysis
Data were analyzed using GraphPad Prism 4.0 software. The results presented were derived from at least three independent experiments, and statistical analysis was performed using a two tailed-paired t-test with 95% confidence intervals. A P value < 0.05 was considered statistically significant.
Results
Hemocytes from P. americana release classical ETs
To verify ET release by the cells of cockroaches, hemolymph or hemocytes were incubated with different concentrations of LPS, delipidated-LPS (d-LPS) or bacteria. Our results show that d-LPS induced ET release by P. americana hemolymph (Fig. 1A) and isolated hemocytes (Fig. 1B) in a concentration-dependent manner. However, when using LPS as a stimulus, ETs were released only by hemocytes and at the highest concentration tested (Fig. 1B) . We also demonstrated that hemolymph and hemocytes release ETs when stimulated with S. aureus, a Gram-positive bacterium (Fig. 1C  and D) .
To visualize the morphology of cockroach ETs, hemolymph and hemocytes were stimulated with d-LPS or GFP-E. coli and then stained for DNA (Fig. 2) . Thin and elongated web-like traps stained with DAPI (Fig. 2AeB , EeH) or ethidium bromide ( Fig. 2C and D were observed after stimulation of both hemolymph and hemocytes with delipidated-LPS or GFP-E. coli. Moreover, E. coli cells were observed entrapped by ETs ( Fig. 2G and H) . We next characterized ET release from hemolymph stimulated by d-LPS in the presence of Sytox green, a vital dye that stains DNA. Analysis by confocal microscopy confirmed ET release into the extracellular milieu (video 1).
Supplementary video related to this article can be found at https://doi.org/10.1016/j.dci.2018.01.012.
In addition to acting as a DNA scaffold, histones are also associated with the scaffolding of ETs. Thus, the presence of histones in ETs from cockroaches was verified by probing hemolymph stimulated with GFP-E. coli with an anti-histone H3 antibody. As depicted in Fig. 3 , co-localization of DNA and anti-histone H3 staining was observed, indicating the chromatin nature of the ETs from P. americana. Furthermore, E. coli clusters were found to be associated with both ETs and hemocytes (Fig. 3) . ETs from cockroaches were also stained with an antibody that detects the histone H1/ DNA complex (data not show).
ETs produced by P. americana are involved in nodulation
ETs are composed of a DNA scaffold, which can be confirmed by DNase treatment. To further demonstrate the presence of DNA in Periplaneta ETs, hemolymph previously stimulated with d-LPS was treated with DNase and then stained with DAPI (Fig. 4) . Large nodules were observed after d-LPS stimulation ( Fig. 4A and B) and decreased in size after 30 min of DNase digestion (Fig. 4C and D) . Confocal microscopy analysis showed ETs stained with ethidium bromide to be closely associated with nodule structure (video 2). Confirming this association, E. coli-induced ET/nodule formation in hemolymph was examined by scanning electron microscopy (Fig. 5) . We observed thin and elongated fibers supporting a large nodule with bacteria immersed in the mesh (Fig. 5-inset) . It is important to note that ETs produced by hemolymph, regardless of the stimulus, were rarely observed free in the preparation, they were largely associated with nodules. In contrast, hemocytes released ETs without aggregation in nodules.
ET bactericidal activity
Due to the known microbicidal effects of NETs, we assessed this property in ETs produced by P. americana hemolymph against E. coli. ET-enriched supernatants were obtained by stimulating hemolymph with d-LPS, followed by treatment of E. coli with ETs for 3 h in the presence or absence of DNase to disrupt the ETs. The treated bacteria were then grown in LB medium for 48 h, and growth was evaluated by counting CFUs. Our results evidenced the toxicity of ETs toward E. coli, which was partially reversed via DNase digestion of the ET DNA scaffold (Fig. 6) . Conversely, DNase treatment of bacteria did not affect their growth.
ET effects in vivo
The effect of ETs was also evaluated in vivo by inoculating E. coli into the abdominal cavity of P. americana with or without DNase and then evaluating the number of nodules formed at 18 h postinoculation (Fig. 7) . Nodules at the bacterial inoculation site were only observed in cockroaches injected with E. coli (Fig. 7A 1e3) , whereas roaches injected with bacteria together with DNase exhibited a clear spray of nodules in the abdomen (Fig. 7A 4e6) . DNase treatment did not induce nodule formation (Fig. 7A 7e9) . Quantification of the nodules showed that DNase inoculation induced bacterial spread, with nodules formed not only at the inoculation site but also throughout the abdominal cavity (Fig. 7B) . Compared with insects inoculated with bacteria alone, four times more nodules were counted in cockroaches inoculated with both bacteria and DNase. Although the trapping characteristic of ETs was observed, the survival of P. americana was not affected by bacterial dissemination after DNase treatment within the experimental timeframe.
Discussion
Represented by nearly one million species, insects are among the most successful groups evolutionarily (Vilmos and Kurucz, 1998) . The insect immune system shares fundamental similarities with the vertebrate innate immune system, such as the production of antimicrobial peptides, phagocytosis of microbes and apoptotic cells, and formation of cell aggregates around foreign particles (Honti et al., 2014; Buchon et al., 2014) . P. americana is an insect that typically lives in environments with large amounts of microorganisms and toxic pollutants during its lifetime; thus, these insects are in danger of acquiring deadly pathogens or foreign invaders that could enter the hemocoel. However, the role of hemocytes during immune responses to possible invaders remains poorly understood. It has been described in P. americana and Leucophaea sp that secreted cystocytes (or coagulocytes), which are involved in microorganism immobilization/plasma coagulation, react positively in histochemical tests for acid mucopolysaccharides, glycoproteins and hexose-containing nonsulfated acidic mucosubstances (Crossley, 1975) , however, DNA staining was not tested. We suggest that a portion of these molecules observed during microorganism immobilization/plasma coagulation may be associated with DNA. The cellular immune response of P. americana depends on hemocytes for phagocytosis (Jomori and Natori, 1992) , immobilization and encapsulation of foreign intruders; this process may be carried out by hemolymph lectins, antimicrobial peptides (Basseri et al., 2016; Kim et al., 2016) and non-peptides (Ali et al., 2017) , conferring resistance and survival in an adverse environment. Thus, knowledge regarding the cellular and molecular bases of the immune effectors of ancestral and robust insects such as cockroaches can provide information about how insects combat foreign organisms and also about how the immune system Extracellular chromatin released as ETs was first described in (Brinkmann et al., 2004 , and the literature on this mechanism has since grown rapidly, indicating that ETosis is an evolutionarily conserved mechanism already described in several cells from a variety of different organisms (Guimarães-Costa et al., 2012) . However, there is no clear description of ET release by insect cells to date. For example, nucleic acids were not detected in clots induced by E. coli JM109 in Drosophila hemolymph, though other stimuli were not tested (Bidla et al., 2005) . Moreover, although it was demonstrated that oenocytoid cells burst during clot formation in Galleria mellonella hemolymph, thereby releasing nucleic acids after E. coli stimulation, this mechanism was not identified as ETosis, likely because of the ensuing cell clumping and coagulation (Altincicek et al., 2008) .
Here, we report that P. americana hemocytes, either in the presence of hemolymph or isolated from hemolymph (termed hemocytes), extrude ETs composed of DNA and histones when stimulated by LPS and Gram-positive and Gram-negative bacteria. ETosis can be stimulated in different cells by different microorganisms as well as by some of their constituents, such as LPS in humans (Brinkmann et al., 2004) , mice (Ermert et al., 2009) , fishes (Pijanowski et al., 2015) , shrimps (Ng et al., 2013) and crabs (Robb et al., 2014) .
Interestingly, hemocytes and hemolymph release more ETs, in a dose-dependent manner, upon stimulation with delipidated-LPS (d-LPS), which does not contain the lipid A chain. Similarly, only d-LPS has a stimulatory effect on hemocytes from the white river crayfish Procambarus zonangulus (C ardenas et al., 2004) . Classically, LPS recognition by vertebrate cells occurs via the lipid A portion. In contrast, two LPS-binding lectins in P. americana recognize and bind to the carbohydrate moiety (Kawasaki et al., 1993; Jomori et al., 1990; Jomori and Natori, 1992) . LPS only stimulates ETosis in hemocytes and at the highest concentration tested, suggesting the existence of a hemolymph factor that may hamper ET release due to LPS.
Similar to mammalian NETs, P. americana ETs were observed by different intercalants that stain DNA, with analogous morphology, as observed by either immunofluorescence or scanning microscopy. Moreover, histones were detected in roaches' ETs from either, showing their nuclear nature. Although there currently are no tools for differentiating which neutrophil subpopulation releases NETs upon stimulation, it is common knowledge that not all subpopulations extrude NETs. P. americana hemocytes comprise a mixture of different cell types, which are at present impossible to separate or identify clearly. However, similar to neutrophils, we demonstrate that only specific hemocytes undergo ETosis.
An important function of NETs is to ensnare and kill microorganisms (Brinkmann et al., 2004) . Our results demonstrated that P. americana ETs share this property, as bacteria were found in close association with P. americana ETs. Importantly, ETs were frequently observed in clumps of hemocytes and surrounding nodules and often were part of that structure. DNase treatment decreased nodule size, thus emphasizing that ETs contribute to nodule formation. Notably, a similar result was found in vivo when E. coli was inoculated in the presence of DNase, after which scattered nodules were observed in the insect's abdomen. In this case, more clumps were found than in cockroaches inoculated with E. coli alone, highlighting the role of ETs in trapping bacteria and thus preventing their spread.
In invertebrates such as shore crab, blue mussel and sea anemone, which possess an open circulatory system and need to quickly control infections, it has been demonstrated that chromatin release has a role in the delivery of toxic mediators (Robb et al., 2014) . Chromatin release can also promote hemocyte aggregation, entrapping and killing pathogens. Moreover, it was reported that chromatin release promotes hemocyte aggregation in addition to delivering histones to facilitate the killing of microbes caught in the mesh. In the same way, it has been shown that extracellular nucleic acids added to hemolymph acts as a danger signal, inducing the formation of net-like coagulation fibers that efficiently entrap bacteria (Altincicek et al., 2008) .
Finally, the described killing properties of NET, which are reversed by DNase treatment, were also confirmed for P. americana ETs because E. coli survival was 3 times higher after DNase treatment. Thus, we demonstrated that ETs are involved in nodulation in vivo, even though we cannot exclude the possibility that phagocytosis and other mechanisms contributed to bacterial killing, as there are various types of hemocytes in P. americana and not all release ETs.
In summary, the results presented herein show that upon stimulation, P. americana hemocytes release meshes composed of DNA and histones into the extracellular medium through a mechanism recognized for the first time as ETosis. ETs were stimulated by microorganisms, and this structure has been implicated in nodulation, an important and primordial immune strategy used by insects. Thus, we can add ETosis to the repertoire of insect immune responses against foreign pathogens, thus increasing the known similarities between the immune system of vertebrates and invertebrates.
